An advanced single-phase active power filter for the compensation of instantaneous harmonic components in nonlinear load current is presented in this paper. A novel signal processing technique using adaptive neural network algorithm is applied and evaluated for the on-line detection of instantaneous harmonic current components generated by nonlinear loads And the feasibility of this adaptive neural network algorithm is substantially confirmed from an experimental point of view.
Introduction
In recent years, current harmonics generated by nonlinear loads are causing widespread concern to the power system engineers and have attracted special interest. These harmonics interfere with sensitive electronic equipment and produce undesired power losses in electrical equipment. Harmonic creates an array of problems such as equipment overheating, machine vibration, motor failures, capacitor fuse blowing, excessive neutral currents and inaccurate power metering and so forth. To obtain clean power and avoid unwanted power losses, it is a prerequisite to compensate the harmonic current components and active power filter (1) - (4) has been an effective way for compensating harmonic current components in nonlinear loads.
Active power filter has been widely used due to the recent advancement in high frequency switching power semiconductor device technology that makes high-speed, high-power switching devices such as power MOSFETs, MCTs, IGBTs, IGCTS, IEGTs etc. available for the harmonic compensation. Active power filter basically works by detecting the harmonic components from the distorted signals and injecting these harmonic current components with the same magnitude but opposite phase in the utility AC power system to eliminate the harmonic current components. In an active power filter depicted in Fig. 1 , the load current, i L drawn by the nonlinear current source diode rectifier load is sensed by the current transformer (CT) and is sent to the harmonic processor for harmonic separation. After detecting the inverse of the total harmonic current component i * c , a current controlled voltage source inverter is used to generate the compensating current i c and i c is injected into the utility AC power source grid. This cancels the harmonic components drawn by the non-linear load and keeps the utility line current, i s sinusoidal.
A variety of methods are used for instantaneous current (5) , instantaneous p-q theory (6) , synchronous d-q reference frame theory (7) or by using suitable analog or digital electronic filters (8) separating successive harmonic components. In FFT technique and the advanced method using correlation function (9) , it takes more than one cycle to extract the harmonic current component from the start of harmonic analysis. In case of harmonic current determination by digital filter, a cascade structure of biquadratic notch filter is necessary which makes the method complicated and the implementation difficult. Other harmonic current detection methods mentioned above have their own pros and cons. The disadvantage of synchronous reference frame theory (10) is that it can't be applied for each harmonic current determination and the detection speed of the fundamental component is limited by the charactaristic of low pass filter set for detecting dc component.
In this paper, the harmonic current separation done by the adaptive neural network method (11) is presented which can determine magnitude and phase of fundamental and each harmonic current component from where the resultant of harmonic components can be separated. It is noted that harmonic current detection is done within a half of the fundamental period after the start of the harmonic analysis in many cases. Another important advantage of this method is that it can determine the compensating current by sensing the load current and using fundamental electric angle supplied by a PLL circuit.
The role of the estimating system is continuously to track the harmonics of the load current and to transfer this information to the compensating devices. That is to say, the adaptive neural network based signal processing technique is applied for the extraction of harmonic current components in real time in a typical non-linear single-phase diode bridge rectifier and the harmonic current generation that is to be injected in the system is done by a full bridge inverter. The effectiveness of single-phase active power filter implementation with ADNN based harmonic current detection is verified by DSP based experimental results.
Harmonic Estimation by Adaptive Neural Network
The method of adaptive neural network can be applied for both even and odd order harmonic components detection. But we have applied this method for harmonic component determination in a single-phase diode bridge rectifier that generates only the odd order harmonic components. If only even order harmonics exist in some applications, then general equation of the load current should be written in such a way that it consists only the even harmonics. In case of the existence of both order harmonics, the equation of the load current and the harmonic coefficients should include both order harmonics.
A single-phase diode full bridge rectifier generates harmonic currents the order of which is given by
where, n is the order of each current harmonic and r is an integer 1, 2, 3, . . . , R. In general, load current (12) in a current source single-phase bridge-rectifier shown in Fig. 1 can be expressed as:
where, X n is the magnitude and ψ n is the phase of the nth harmonic component (n = 1, 3, 5, . . . , N) and ω is the fundamental angular frequency.
Equation (2) can be written as,
where, A n = X n cos ψ n and B n = X n sin ψ n . Magnitude and phase of each harmonic component can be determined as follows:
Generic neural network involves two processes, training and testing. In the training process, the network is trained with suitable input and output patterns so that the outputs of the neural network come to approximate the target values for various input training patterns in the training set. In the testing process, the performance of the network is verified by using the input data outside of the training set. But in this paper, instead of training the network, we use the basic principle of the neural network that is the objective function to determine adaptively the harmonic and fundamental component of the distorted load current. In adaptive estimation of harmonic current components by neural network, distorted load current is sampled uniformly and one sample is taken at a time. The sampled values are used to determine the magnitude and phase of fundamental and harmonic current components through the adaptive neural network circuit.
The objective function of neural network is used to minimize the error that is the difference between the measured sample of the load current i l (t k ) at time t k (as shown in Fig. 2 ) and the output of the neural circuit x(t k ) generated in the adaptive way. In this method, whenever one sample is taken, the extracted amplitude of fundamental and harmonic components is renewed through neural circuit. In this fashion, the harmonic current components can be determined within a half period of the fundamental component in many cases.
Let us explain the ADNN in detail. The instantaneous mean squared error at the kth iteration is then described by the objective function (13) :
Equation (6) is rewritten by substituting eq.(3)
Since ω is known and time instants t k are fixed, the term cos nωt k and sin nωt k forms the coefficient of unknown variables A n and B n and can be denoted by vector notation at kth iteration as:
And the input pattern denoted by Y k is given by: Equation (7) can be represented in quadratic form by (14) :
According to neural network principle (15) (16) , the optimum point of the objective function eqn. (10) corresponds to the steady state solution of the following differential equation;
where, K denotes the constant of integral gain and
From eqns. (11), (12) and (13)
From eqns. (11), (12) and (14)
The neural network circuit implementation for the determination of the values of A n and B n (n = 1, 3, 5, . . . . . . , N) is represented in Fig. 3. 
Experimental Results and Discussions
The harmonic current determination by ADNN and the active power filter implementation are carried out with DSP based signal processing to confirm the feasibility of this method. All calculations are accomplished digitally. That is to say, all programming, which consists of harmonic analysis by ADNN, current control algorithm for controlling the gating signals of the inverter and PI control for keeping the voltage V dc constant, is written in assembly language directly to reduce DSP execution time. The current control is implemented by using a software based digital deadbeat controller. The assembly language programming is run in the DSP connected with a personal computer.
The DSP based experimental setup is illustrated in Fig. 4 . The control circuit consists of A/D converter, DSP, PWM board, and zero crossing detector circuit. Among these, four A/D converters (AD7572A) are used to convert analog signals to digital ones. Each of the A/D converters is used to sample the load current i l , generated compensating current i c , voltage across the capacitance of the inverter V dc and utility AC supply voltage v S . AD7572A is a complete analog to digital converter that offers high speed performance combined with low, CMOS power levels with a conversion time of 3 µs. The TMS320C542 DSP (16- The nonlinear load used in the experiment is the diode rectifier with (1) RL load with inductance on the AC side of the rectifier, (2) RC load with inductance on the AC side of the rectifier. The parameters are listed in Table 1 .
Effect of Sampling Frequency for Harmonics Detection
In generally, when the sampling frequency is set to the much higher value, the accuracy of the harmonic extraction can be much improved. But the sampling frequency is to be limited in order to finish the calculation of the proposed ADNN within a sampling period. The sampling frequency i.e. the total number of sampling is also varied, and the minimum sampling frequency at which the high harmonic extraction accuracy of the proposed neural circuit can be obtained, is verified. Two different sampling frequencies are considered for this case: 3.84 kHz and 7.68 kHz.
The waveforms of load current, coefficient B 1 , fundamental component, and the error which is obtained by subtracting the reconstructed signal from an original load current as follows:
are shown in Fig. 5 for the two frequencies considered. In this figure, sampling point 0 means the start point of the calculation for the harmonic analysis. One can see that, it takes the longer settling time of coefficient B 1 , which mean the amplitude of active fundamental component, when the sampling frequency is decreased from 7.68 kHz to 3.84 kHz(= 64 * 60). Although there is not the difference of the extraction accuracy of the fundamental component between two sampling frequencies after the settling, it can be stated that 7.68 kHz is minimum sampling frequency to obtain high responsiveness of harmonic analysis by ADNN. Fig. 6(a) and (b) show the determination of the waveform of the 3rd order harmonic and the 5th order harmonic current component respectively. These substantiate that the values of fundamental and harmonic current components can be settled within a half of the fundamental period in adaptive way.
Effect of Integral Gain: K
The constant of integral gain K has a significant effect on the performance of the ADNN. Figure 7 is the experimental results that deal with the optimal value of integral gain K for accurate harmonic detection. In Fig. 7(a) , the integral gain K is set to 120. In case of that K is set to the lower value, error is larger, and the response of coefficients B 1 is slow.
As K is set to the higher value, the error can be very well reduced and the response of B 1 becomes much quicker. This Fig. 7(b) shows the experimental results when K is set to 480. 480 is the optimal value of the integral gain K.
When K is set to the much higher value as shown in Fig. 7(c) , the error becomes larger than that in the case of optimal gain. Further, the coefficient B 1 becomes to be fluctuating.
It is proven that the benchmark for tuning the integral gain K is the coefficient B 1 or error. One important thing is to notice that the optimal value of K is independent of load type and the load variation in transient condition if the value of K is once decided.
Comparison in Detection Speed between Fourier Transform and Adaptive Neural Network
The comparison of settling time between the Fourier Transform and the proposed ADNN is performed. The experimental result of Fourier Transform is illustrated in Fig. 8 . In this figure, sampling point 0 means the start point of the calculation for the harmonic analysis. It takes one fundamental period to settle coefficients A 1 and B 1 as shown in this figure. On the To investigate the dynamic response of the proposed active power filter, a mode change is tested by changing the load resistance value from 50 Ω to 33 Ω. From Fig. 9(b) , it is clear that the transient time is about one cycle.
The steady state and step change operation (load resistance R L is changed from 100 Ω to 50 Ω) for capacitive load with inductance connected on the ac side of the rectifier is illustrated in Fig. 10 with circuit parameters: C L = 3300 µF.
The spectra of load current and source current as a percentage of their fundamental current components for various load conditions are illustrated in Fig. 11 along with their THD and harmonic compensation factor. From the harmonic spectra of the source current, it is clear that the harmonic current components have been reduced significantly. The results based on THD measurement in the source current after harmonic compensation with APF show that the proposed method is effective for harmonic current extraction. It can be observed that the amplitude of each harmonic current component in the non-selected range (from 21st to 31st order) as well as in the selected range (from 3rd to 19th order) has been reduced considerably. The most prominent harmonic current component, that is, 3 rd order's amplitude is reduced by around 98% in both load conditions. In case of capacitive load with inductance on the ac side of the rectifier, amplitude of the selected harmonic components have been reduced by a degree of 77%-98% and that of non-selected harmonic components by a degree of 13%-91%. The harmonic compensator factor which is defined by the following equation is another way to measure the performance of the APF.
The harmonic compensator factor:
1 − THD of source current THD of load current × 100% · · · · · · · · · · ·(18)
The harmonic compensating factor for each load condition is 91.9%, and 96.2% respectively and these values substantiate that the performance of the APF with the proposed harmonic current estimating scheme is quite satisfactory.
Conclusions
The single-phase advanced active power filter with a novel harmonic detecting processor presented in this paper for the compensation of harmonic current components in non-linear load was effective for harmonic isolation and keeping the utility AC power supply line current sinusoidal. The important advantage of the proposed ADNN was that it could extract the harmonic as well as the fundamental component within a shorter detection time than the conventional one. Furthermore, the ADNN for extracting each harmonic current could be easily implemented in both software and hardware. The following chips should be mentioned.
( 1 ) 7.68 kHz is enough sampling frequency to obtain high accuracy of harmonic analysis by ADNN.
( 2 ) Integration constant K is the most important parameter to obtain the good performance of the ADNN. The optimal value is 480. And this value is independent of load type and the load variation.
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